An exhaustive investigation of the structure of the turbulence around an asymmetric FX 63-137 wind turbine airfoil is carried out in this paper. Reliable hot-wire velocity measurements, made at the Xixon Aeroacoustic Wind Tunnel, are presented with the aim of analyzing the turbulent flow features. The probe was placed at two different positions along the streamwise direction, one over the airfoil and the other at the wake, both on the suction and pressure side. These measurements were performed in order to capture the evolution of the flow and its behavior at the wake. The experimental data were collected at a Reynolds number of 350000 for several incidence angles to explore their influence in the turbulence characteristics. The data processing from the dual hot-wire, capable of measuring two velocity components, allowed to achieve half set of the Reynolds stresses, the turbulence intensity and the degree of anisotropy. The boundary layer and wake size were estimated from the Reynolds stress components. In addition, the production term of the turbulence kinetic energy budget is calculated to visualize the unsteadiness energy inside the boundary layer. As a result of these analyses, it was observed that the transversal fluctuations were higher than the longitudinal ones. Besides, an alternative description of the turbulence structure is obtained when a frequency analysis of the motion is provided, disclosing a clear change in the spectra tendencies in the wake and boundary layer regions. This analysis, combined with the degree of anisotropy analysis, was helpful to define a transition zone between the clearly distinguishable instability zone and the free-stream zone. Finally, the integral length scale of turbulence was estimated from the area under the autocorrelation function of the velocity fluctuations. The combination of the results of this work have provided a wide description of the turbulent behavior of the flow around the airfoil and present a clearer physical picture of the phenomena.
INTRODUCTION
The spatial and spectral distributions of turbulence parameters around an airfoil at different incidence angles, are of great interest in aircraft and turbomachinery structural studies. Specially, the study of boundary layers and wakes behind their blades and airfoils is crucial to improve the performance of these machines. Particularly, drag reduction is one of the main factors to be considered for aerodynamic design, as it opposes to the relative motion of any object with respect to a surrounding fluid. Drag forces can be divided into friction drag, due to surface tangential stresses, and pressure drag, due to surface normal stresses (Kundu, et al., 2016) . Because of the strong link between turbulence and friction drag as well as drag and energy consumption, there is a strong need to perform research in order to lower the overall drag. As a starting point to satisfy this necessity, a correct treatment and study of boundary layers and turbulent structures around airfoils are required.
The complex and random nature of the turbulence makes it a complicated phenomenon to study. The measurements of the turbulent fluctuating components themselves or of their mean values, is rather difficult and requires sophisticated equipment. As a consequence, much effort is invested in their understanding and the detailed work necessary to achieve a complete sight of the turbulence is still indispensable for practical application and research. The measurements of the mean values are quite sufficient for most practical applications, but only through the actual measurements of the fluctuating components it is possible to gain a deeper understanding of the mechanism of turbulent flow. In recent years, an increasing number of experimental investigations in turbomachinery have studied in detail the physical aspects of both turbulence and unsteady flow patterns (VelardeSuarez, et al., 2002; Fernández Oro, et al., 2008; Yarusevych, et al., 2004) . Total unsteadiness in multistage environment is a key parameter in the performance of any turbomachine. Therefore, Camp and Shin (1995) have processed turbulence data from a multistage compressor while Fernandez Oro et al. (2007) have analyzed the structure of the turbulence in a single stage low-speed axial fan. Alternatively, some authors focus on the study of the turbulence flow in other engines such as wind turbines. Moldano et al. (2015) and Farsimadan and MokhtarzadehDehghan (2010) performed different investigations of turbulence quantities in the boundary layer and near-wake of symmetric airfoils suitable for wind turbines at different angles of attack. The results highlighted the importance of achieving a good understanding of the boundary layer flow on the body from which the wake starts to develop. By changing the angle of attack of the airfoil with respect to the incoming flow, it was possible to modify the boundary layer development and thus study its effects on the wake.
The understanding of the flow around an airfoil is also the starting point for aeroacoustical studies. The type of boundary layer around the airfoil and its propagation to the wake are the main keys to identify qualitatively the noise source, particularly the airfoil self-noise (Brooks & Marcolini, 1986) .
Several authors have investigated the mean-flow and turbulence characteristics around an airfoil as a former step to a better comprehension of the noise produced by itself (Kunze, 2004; Nakano, et al., 2006) .
Their results show that the study of aerodynamic and turbulent flow parameters is a good procedure that leads to a better knowledge of the aerodynamic noise generation mechanisms in airfoils. According to Selig and McGranahan (2004) , a set of the flow characteristics around a representative small wind turbine airfoil is a reliable and self-consistent database that should be helpful in validating aeroacoustics prediction codes in support of design activities.
In this paper, the results of a detailed experimental investigation of the unsteady flow around an airfoil at two positions in the streamwise direction are presented. Based on the measured velocity signals, the turbulent characteristics of the flow are determined. The influence of the angle of attack and the measurement position on the unsteadiness has been also analyzed. The experimental study of the turbulence at airfoil boundary layers and wakes at low Reynolds numbers has proved to be essential to improve the physical understanding of this complex phenomenon, in order to progress in the prediction techniques as well as design quieter and more efficient airfoils.
EXPERIMENTAL METHODOLOGY

Experimental Setup
A 1:1 scale FX 63-137 airfoil model was built with a span of L=1.1 m and a chord length of 0.305 m to carry out the hot-wire measurements. This airfoil was designed by F.X. Wortmann for the Liver Puffin human-powered aircraft. It has since been used for many low-Reynolds-number applications, especially in the small wind turbine area, because of its highlift, soft-stall characteristics in addition to its overall good performance. The airfoil was carved out of a piece of aluminum on a numerically controlled machine. It is place in the test chamber of the Xixon Aeroacoustics Wind Tunnel, whose characterization had been previously made by Lastra et al. (2013) in a very descriptive way.
The wind tunnel is a closed loop circuit, arranged in a vertical layout (Fig. 1) . The total length of the tunnel is 24.6 m, 8.3 m high and maximum operative velocities in the range of 22 m/s for the test section; i.e., a maximum Reynolds number of 1.7 x 10 6 , based on the outlet hydraulic diameter of the nozzle (i.e., the outlet width).
Besides the characterization of the tunnel, other variables as the turbulence intensity were measured by Lastra et al. (2013) in order to know the tunnel flow quality, concluding that the turbulence intensity levels for the whole range of velocities available were found to be lower than 0.7 %. 
Dual hot-Wire Anemometry
The velocity distributions were measured with a home-made constant temperature X-wire probe, connected to a TSI IFA 100. Hot wire anemometry is a well-established, accurate and reliable technique to measure the flow velocity. The constant temperature anemometer works on the basis of convective heat transfer from a heated sensor to the surrounding fluid, being the heat transfer primarily related to the fluid velocity. By using very fine wire sensors (a typical wire is 1 mm length and 5 µm diameter) placed in the fluid and electronics with servo-loop technique, it is possible to measure velocity fluctuations of fine scales and of high frequencies. Fig. 2 illustrates an outline of the procedure to collect the data and an example of the signal captured after transforming the data with the appropriate calibration. The IFA 100 outputs where connected to a National Instruments acquisition card that gave information to a computer. All the aspects of calibration of the probe, capture, record and conversion of measurements were driven by a MATLAB© code, particularly developed for this kind of applications. The uncertainty of absolute velocity has been estimated to be 0.75% in the center of the angular calibration range, while the angular uncertainty has been estimated to be 1° at the center of the measurement range. More details of the procedures and the uncertainty analysis of the probe are described in Blanco et al. (1998) and Fernández Oro et al. (2007a) .
The analog voltage signal was first low-passed at 5 kHz using an analog filter to avoid aliasing. Then, it was sampled at 10 kHz over 25 s period through a data acquisition card, obtained a signal of 2.5x10 5 samples per position. Converge study of the mean velocity data is made, checking that the sample data is high enough for the phenomena under study (Fig.  2) .
The probe was placed at several positions in order to sweep the whole zone between the airfoil and the lateral wall of the test section. These sweeps were carried out in two positions along the streamwise direction: L1, which is located in the wake of the body, exactly at x= 1.108c from the leading edge and L2, which is located on the airfoil, at 75% of the chord, i.e. x=0.764c from the leading edge. These positions can be seen in Fig. 2 Reynolds number. Fig. 1 shows the experimental setup placed at the test section inside the wind tunnel and the probe used in the hot-wire measurements.
EXPERIMENTAL RESULTS AND DISCUSSION
The experimental data collected in this investigation are presented in the following manner. Firstly, the velocity measurements and turbulence intensity are studied to understand the basic flow parameters. Secondly, the Reynolds stress tensor components are obtained with respect to the variation of the incidence angle and the dimensions of the wake are presented. Then, the degree of anisotropy is calculated to find the directionality of the flow. Additionally, velocity spectra are analyzed to determine how the power of the signal in the time domain is distributed over the different frequencies and to visualize the instability zone. Finally, the integral length scale is estimated to identify the spatial dimension of the turbulence structure.
Velocity Measurements and Turbulence Intensity
In order to perform the velocity measurements, the hot-wire probe was positioned along the rakes L1 and L2 as defined in Section 2.2. The probe was placed perpendicularly to the stream direction, capturing the instantaneous streamwise (Ux) and normal (Uy) components of the velocity. Once the measurements were made, the mean streamwise and normal velocities were computed. The velocity fluctuations were then obtained from the difference between the instantaneous velocity values and the mean values. Finally, with the root mean square value of the velocity fluctuations, it is possible to define a turbulence intensity, which expresses the "strength" of the turbulent motion. The streamwise turbulence intensity is defined as:
where the over bar denotes the time-averaging value, U is the instantaneous velocity at the location of the hot-wire probe, and the represents the mean random fluctuations to the square.
In this section, the streamwise velocity data and the angle between the total velocity and the longitudinal component of the flow, obtained directly from the hot-wire measurements, are presented. The results of the computed turbulence intensity are also shown in this section.
A. Wake
Firstly, the velocity components at L1 for different values of the incidence angle (α) are analyzed by sweeping a line along the normal direction. The velocities have been made dimensionless with the maximum velocity of the collected data. To achieve a better visualization of the wake, the data were aligned relatively to the wake center and not to the trailing edge to place the minimum local velocity at y/c=0 (Fig. 3 ).
Whenever the angle is modified, the velocity distributions are altered, causing changes in the main characteristics of the wake. These changes are shown in Fig. 3 as a shadow area which increases gradually from the smallest to the highest incidence angle. Besides modifications in the wake width and depth, an asymmetry in the shape of the wake was deduced from the results. Apart from the modification of the incidence, one of the causes of wake asymmetry is the airfoil loading, related to the asymmetric high-lift airfoil geometry. This loading has a substantial effect not only on the velocity profile but also on the turbulence structure, which is further explained in Section 3.2, where Reynolds stress components are analyzed. As above mentioned, these velocity measurements were realized with an uncertainty of 0.75%. Hah and Lakshminarayana (1982) reported an experimental investigation of the turbulence characteristics in the near wake of an airfoil, which also showed an asymmetrical behavior according to the incidence angle variations. Moreover, Liu (2001) focused on a wake shape basic research, in which a systematic investigation into the response of symmetric and asymmetric planar turbulent wake development to constant adverse, zero and favorable pressure gradients was conducted, concluding that the asymmetric wake widens much faster than the symmetric wake and produces a higher velocity defect compared with the symmetric ones. Other characteristic of the wake is its different behavior depending on the airfoil side. On the suction side, the velocity is higher than on the pressure side, except for the negative angle in which the opposite effect arises. On the other hand, the center of the wake in the vicinity of the trailing edge is shifted to the pressure side along the normal direction as the angle of attack increases. This effect is depicted in Fig. 4 , where the wakes have not been aligned with y/c=0.
As a last contribution, as the measurements move away from the instability area, the flow becomes uniform, reaching the free-stream velocity flow, and then keeps constant.
In Fig. 5 , the absolute angle between the total velocity and longitudinal component is shown. In general, the angle does not exceed 20° and the biggest variations in the values are presented in the highest angle with an angular uncertainty of 1°.
Concurrently, the streamwise turbulence intensity at the wake was calculated. A contour map, with a zoom in the normal axis to achieve a more visible graph, is plotted in Fig. 6 . The wake centerline refers to the localization of the minimum velocity in the wake corresponding with y/c=0. The maximum values of the turbulence intensity appear for the highest incidence angle, reaching a value of 14%. It should be pointed out that this maximum is found on the suction side of the wake, i.e. positive values from the wake centerline. The contour map agrees with the stream velocity measurements, showing that the area where the turbulence intensity is higher is in concordance with the wake dimensions, which increase with the angle of attack. As it expected the highest turbulence levels are for the 12.5° angle that presents the greatest wake dimensions, as shown visibly Fig. 3 . The negative incidence angle presents more turbulence intensity on the pressure side (5%) than on the suction side (4%), while for positive angles the high turbulence intensity is shown on the suction side. This is owing to the fact that for negative angles the pressure side behaves as the suction side for positive angles.
B. Airfoil
As in subsection A, Fig. 7 illustrates the streamwise velocity component and the angle between the total velocity and its longitudinal component at 75% of the airfoil chord, which corresponds to the L2 position, with an absolute velocity uncertainty of 0.75% as well as an angular uncertainty of 1°. The same behavior is shown for both variables, presenting the highest values on the suction side of the airfoil. Figure 7 shows typical velocity profiles with a steep increase near the wall and a fairly uniform velocity center-line. In the velocity graphs, the boundary layer on the pressure side seems to decrease drastically, while on the suction side this behavior only appears for the highest angle (12.5°). The suction side velocities increase until reaching a maximum, but the values do not decrease as for the 12.5° angle because the boundary layer is very thin, even for 7.5°. This behavior is explained in the following sections in detail. It can be seen that for the negative incidence angle the contrast between suction and pressure side velocities is lower than for the positive angles. However, in the velocity angle figure (Fig. 7 , right side), the opposite behavior is shown, with the contrast between airfoil sides higher for positive angles. In general, the velocity angle is small, being the 12.5° angle the one which presents the greatest value (35°). Finally, it has been noticed that the pressure face data are less uniform than the suction face data, and the angle values near the wall increase, tendency that opposes to the velocity graph tendency, where the values in this zone decrease.
On the suction side of this position (L2), the turbulence intensity could not be correctly estimated due to the impossibility of capturing enough values from the thin boundary layer. In order to protect the probe, it is not possible to place it too close to the airfoil. This effect is easier to understand in Section 3.4, where the velocity spectra are studied in detail.
Regarding the stream turbulence intensity contour map (Fig. 6 ), the -2.5° is the angle that shows a largest turbulence intensity, around 11%. The contour map has been saturated at 6% to provide a clear view of the turbulence intensity variations. On the other hand, the 2.5° has the lowest turbulence levels (4%), as shown in Fig. 6 . These results are in good agreement with the observations found for the Reynolds stress tensor, which are discussed in the next section.
Reynolds Stress Tensor.
In general, there are six independent components of the Reynolds stress tensor: ' , ' , ' , , and , where u', v' and w' represent the fluctuation velocity components in the three spatial directions. However, because of the nature of the velocity field, sometimes one or more of these components are zero. In this case, the Reynolds stress and are negligible throughout the flow is statistically 2-D on x-y plane in the zdirection.
A. Wake
Figure 8 depicts, the Reynolds stress components. The data has been made dimensionless with the squared free-stream velocity. The streamwise fluctuation (u') distributions display a characteristic two-peaked profile in the instability zone, which is clearer for the positive incidence angles. Tulapurkara et al. (1994) and Weygandt and Mehta (1995) showed the same double peak in the wake for a tripped boundary layer airfoil and Farsimadan and Dehghan (2010) for an untripped boundary layer one, as in this study. The results from the different authors indicated that a positive increase in the angle of attack makes the two-peaked behavior more visible. As the angle is modified, the boundary layer in the upper surface is thicker, resulting in more highlighted double peaks, as can be seen for α=12.5° in Fig. 8 .
As far as normal fluctuations (v') are concerned, a single peak is shown in Fig. 8 for all the angles. The magnitude of the normal velocity fluctuations is higher than for the streamwise fluctuations, becoming the most important flow component. Regarding the graph from Fig. 8 , the more relevant characteristic is the sign change at the wake center, which coincides with the minimum velocity location. This change of sign is clearer for the positive angles rather than for the negative one, showing a positive peak on the pressure side and a negative peak on the suction side in their velocity profiles. In addition, the pressure side peak is smaller than the suction side one, increasing this difference with the angle of attack. It should be pointed out that the wake asymmetry observed in the velocity profiles is clearly depicted in Fig. 8 , especially in the graph, increasing with positive angles.
Normally, the wake width is estimated from the shape of the velocity distributions, as well as the wake depth. However, as the Reynolds stress components tend to zero outside the wake, in this paper the wake width has been estimated from the Reynolds stress graphs. These components show the instability zone with great clarity and help to identify the wake width with more accuracy than the classical procedure (Fig. 9 Right). The wake width, estimated using the Reynolds stress components where the white dots enclose the instability area, and the wake depth are depicted in Fig. 9 . As expected, both increase with the angle of incidence and are very similar for the intermediate angles, concluding that the angle 12.5° presents the greatest wake dimensions.
B. Airfoil
At this localization (L2), the most remarkable result is the increase of the velocity fluctuations inside the boundary layer as a consequence of the developed shear stresses. For positive incidence angles, the flow follows the airfoil shape at the suction side due to its smooth curvature. This is the reason why it is very hard to obtain enough measurements on this side of the airfoil. Nevertheless, the increase in the incidence angle allows to capture part of the boundary layer. On the pressure side, the high curvature of the airfoil at the probe location widens the boundary layer, enabling the possibility of obtaining more data. For the negative angle, the behaviors of the pressure and suction sides interchange, and so does the behavior of the flow. The suction side boundary layer becomes even more adhered to the surface and it is impossible to measure inside it. On the pressure side, the widening of the boundary layer due to the high curvature allows to perform more measurements, as for the positive angles.
Additionally, as well as in the wake, the normal velocity fluctuations were found to be higher than the streamwise ones. The turbulence, as expected, is lower than in the wake region, with lower values of the Reynolds stresses concentrated inside the boundary layers.
As the behavior in this position is very similar to the wake, the total production term of the turbulence kinetic energy budget (Pk, total) is calculated instead of depicting the Reynolds stress components to visualize the effect of the airfoil geometry in the turbulence management. For the case of simple shear flow, this term represents the generation of turbulence energy by the interaction between the Reynolds shear stress (-) and the mean flow shear strain (∂U/∂y), i.e., the transfer of energy from the mean flow to the turbulence field. However, there are some limitations for this approach when the strain conditions are modified, as studied by Leschziner (2015) . As a solution for partially addressing these limitations, a number of corrections are proposed. Some complex flows need to combine shear with some corrections such as for curvature, swirl, rotation or buoyancy effects to achieve more accurate results. In this case, the high curvature of the airfoil implies the combination of the production term with the curvature correction. According with Leschziner (2015) , turbulence energy, with the curvature included, is generated at the rate: Figure 10 shows on its left side the total production term including the curvature correction. For the sake of clarity, a zoom in the airfoil surface is performed on the right side of Fig. 10 for the angle 12.5°. In addition, the different contributions of the equation (2) to the total production, corresponding to the curvature and the shear term, are depicted. It can be appreciated that shear is the primary source of instabilities, so Pkshear and Pktotal present similar values and therefore Fig. 10 (left) describes both variables. Firstly, the coexistence of mean strain and turbulent fluctuations (Pk, shear) gives rise to a continuous generation of turbulence that compensates for viscous dissipation. Pkshear represents the rate at which kinetic energy is lost by the mean flow and gained by the turbulence fluctuations.
In Fig. 10 , it can be seen for both airfoil sides, in the closest region to the airfoil surface, the Pktotal presents negative values. These negative values in the instability zones are translated in a generation of turbulent energy which implies high friction and therefore a higher resistance to the mean flow. In this zone, the turbulent field gain energy and the mean flow lost it. The negative angle pressure side and the suction side for the highest positive angle are the most characteristic graphs, where Pktotal reach the most negative values. These two zones correspond with the most instability zones of all the cases represented. On one hand, on the pressure side of the -2.5 angle the boundary layer is broaden due to the high curvature of the airfoil in this region, while on the 12.5 angle suction side the boundary layer expansion is due to the beginning of the flow separation to increase the angle of attack. For this reason, the shear stress caused by the flow is of great importance for friction drag calculations, providing a clear idea of the flow resistance.
The second parameter to consider is the effect of the curvature on the total production term (Pk, curvature). This term contributes to stabilize the flow on both airfoil sides. Both suction and pressure sides, the curvature, due to be opposite sign to the shear, favors to reduce the turbulence, depressing the turbulence and benefiting the increment of the total energy gained by the mean flow and consequently reduces the airfoil resistance to the flow. This positive effect on both sides is probably owing to curvature, which helps to keep the flow adhered to the surface.
Degree of Anisotropy
The degree of anisotropy (DA), as defined by Porreca et al. (2005) , is a flow indicator which compares fluctuating velocity components in the two directions, so departures from isotropy associated to turbulence can be quantified. As the Reynolds stress shown before, as much at the wake as on the airfoil, the transversal fluctuation is notably higher than the longitudinal one, so the degree of anisotropy is calculated according to:
where the over bar denotes the time-averaging value, and the and ' represent the squared random fluctuations in the longitudinal and transversal directions, respectively.
If the turbulent fluctuations are completely isotropic, i.e., if they do not have any directional preference, then the off-diagonal components of vanish, and the normal stresses become equal (Kundu, et al., 2016) . Hence, when DA tends to unity, it is satisfied that and the flow is completely anisotropic having a transversal directional preference. On the other hand, if DA tends to zero, it means that ~ , and the flow is isotropic.
A. Wake
In this case, as can be seen in Fig. 11 (Left), there is a clear anisotropy in the outlying area of the sweep. In most part of the flow, the transversal fluctuations are as high as 20-40 times the longitudinal ones. The distinctive feature of the Fig. 11 is a characteristic double peak with a "W" shape, where the local minimum between the two peaks corresponds with the point where the velocity profile reaches its minimum. This point also agrees with remarkable points at the Reynolds stress components graphs, such as the inflection point of the component or the minimum local of the double peak of the component.
The double peak shows the most isotropic points in the distribution, forming an anisotropic area between them. In Fig. 11 , the white dots drawn at the graph represent the end of the transition zone introduced in the last section. The degree of anisotropy is a useful parameter that provides reliable and clear information about the transition zone. This transition zone can be easily seen in the graphs, which supports the Power Spectral Density graphs. When the flow approaches to the wake, the instabilities start to be produced in a zone near to it where all the components of the flow tend to isotropy and thus are similar. In addition, these instabilities are lower than those produced inside the wake. This feature can be seen in the Reynolds stress components, where only the high instabilities produced in the wake are shown.
Comparing the anisotropy and the Reynolds stress values, it is clearly seen that the isotropic points present the lowest differences between the Reynolds stress components, with any of the flow components outlined over the rest.
B. Airfoil
As can be seen in Fig. 11 (Right), the behavior of the degree of anisotropy over the airfoil is very similar to its behavior at the wake. The anisotropic region matches the farthest zone of the sweep. The transversal fluctuations on the bulk of the flow are as high as 10-25 times the longitudinal fluctuations. As the flow approaches the airfoil, the anisotropy decreases, reaching a point of maximum isotropy and then returning again to anisotropy values. This anisotropic behavior inside the unsteady region is due to the presence of shear, the most frequent type of forcing. When shear stresses appear, the eddies are elongated and the intensity of the fluctuations can be very different in different directions. At this airfoil position, the most isotropic point agrees with the beginning of the boundary layer and from this point, inside the boundary layer, the flow tends to anisotropy. As in the wake, this point coincides with the locations with the smallest difference between transversal and longitudinal Reynolds stress components, i.e., the point where the boundary layer starts.
It can be seen that for the negative incidence angle, where the suction side was impossible to be measured, the values do not reach a minimum and thus it is not possible to know where the boundary layer starts.
On the other hand, on the pressure side for the 12.5 angle, although the anisotropy values do not increase after the maximum isotropic point, it is known that this point belongs to the boundary layer due to the results from the Reynolds stress components graphs, where it appears as a high instability point. Additionally, the existence of a single measure point in this localization agrees with the theory that on this pressure side for this angle the boundary layer is the thinnest. Finally, for the suction side at 7.5° angle, all the values are anisotropic and it is neither possible to estimate the boundary layer nor the transition zone. For this reason, a detailed study of different parameters related with turbulence is necessary as only a combination of them allows the complete understanding of the turbulence structure.
Velocity Spectra
The power spectral density function (PSD) shows the strength of the variations (energy) as a function of frequency. The PSD and the auto-correlation function of a signal are a Fourier transform pair. Hence, to compute the PSD, the auto-correlation of In this work, the power spectral density of the normal velocity measurements is analyzed in order to know how the power of a signal in the time domain is distributed over the different frequencies. The PSD function is a very useful tool to identify oscillatory signals and at which frequency ranges variations are stronger. Several authors (Cao, 2010; Huang & Lee, 2000; Cambell, 1957) , determined the vortex shedding frequency behind an airfoil using the power spectral density analysis. In the following pictures, both frequency and power axis are plotted in a logarithmic scale and only three angles are depicted to improve the resolution of the important features.
A. Wake
The PSD's based on the normal velocities at all the sweep localizations were estimated. Firstly, modifications in the power spectrum tendency throughout the sweep are perfectly seen in Fig. 12 . These changes in the shape and the slope of the PSD are colored in the two-colored graphic. The instabilities produced inside the wake region are depicted by red and agree with the wake width estimated in the previous section, as well as with the zone of velocity deficit, as shown in Fig. 12 (below the PSD). For this reason, it can be concluded that the total instability region is formed by the own wake and a lower unsteady contiguous zone, named in this paper as the "transition zone". This transition zone is a zone outside the wake between it and the free stream zone, where the values are still affected by the wake instabilities. The zone appears colored in grey in the PSDs graphs. The degree of anisotropy calculated in the previous section also supports this hypothesis. However, the transition zone does not appear in the Reynolds stress components obtained in Section 3.2. It can be concluded thus that the instabilities in this transition zone are much lower than in the own wake. In addition, there is no evidence of any frequency related with vortex shedding due to the absence of highlighted peaks relative to the background energy levels in the PSD, i.e. of any periodic phenomenon appearing in the flow. As a consequence, no noise generated by vortex shedding is expected to be found when performing further aeroacoustic analyses.
B. Airfoil
Focusing on the airfoil position (L2), the power spectral distributions in Fig. 12 show the same general results that for the wake. The shape of the PSD is modified when the measurements are made inside the boundary layer. As for the wake, two colors are also used to difference the instability zones: red to highlight the boundary layer and grey to illustrate the transition zone. The values in this transition zone, between the boundary layer and the free stream, are still affected by the instabilities inside the boundary layer. Comparing the Reynolds stress graphs, it may be assumed that the instabilities inside this transition zone are lower than the instabilities inside the boundary layer. In addition, for this case, the transition zone on the suction side is not colored because it is very difficult to visualize the extent of this zone basing the observation on the PSD results. However, it is possible to detect it in the previous section graphs, where the degree of anisotropy is estimated. Additionally, the main disadvantage of the hot-wire technique are appreciated in this figure.
The fragility of the wire does not allow to measure very close to the surface airfoil. Consequently, few measures can be performed inside a thin boundary layer. Even so, with a simple sight at the picture, it is possible to know that the boundary layer on the suction side is smaller than on the pressure side. This behavior can be explained by the higher airfoil curvature on the pressure side, which prevents the flow from maintaining a thin boundary layer along the pressure surface. As a consequence, a boundary layer widening effect appears at the highest curvature points of the airfoil. For the sake of clarity, a 2D-RANS CFD was simulated. A k-omega turbulence model and a 1.1x10 5 structured mesh were used for the same flow conditions as for the experimental tests. Fig. 13 shows the results for the velocity magnitude, where the boundary layer is clearly depicted, corroborating the above-mentioned behavior for the different angles: the suction side boundary layer is extremely thin, while the pressure side boundary layer is easier to measure, except for the 12.5° angle, for which these behaviors interchange. For this angle, it was only possible to obtain one experimental value inside the pressure side boundary layer.
Integral Length Scale
One of the most significant turbulence parameters in this contexts is the Integral Length Scale (ILS). This indicator assigns a spatial dimension to the turbulence structure, often identified as the average eddy size. The autocorrelation analysis of random fluctuations was used to estimate Integral Length Scale, which was determined by:
Where the parameter integrated is the AutoCorrelation Function (ACF), the over bar denotes the time-averaging value and τ is the time lag that is used to construct the ACF.
The ILS is computed from the area under the autocorrelation function, which depends on the increments of τ. Note that the increment of τ for building the autocorrelation function is dependent of the sampling frequency (Fs) as 1/ . A sensibility analysis of the ILS in relation to the data acquisition frequency has been performed. The results are shown in Fig. 14 . Three points for the wake position and the 2.5° angle of incidence are shown. Each point is taken in one of the characteristic zones: free-stream, transition and instability zones. It can be seen that the sample frequency used in this paper (10 kHz) is enough to obtain a results independent of the sampling frequency, as this is achieved for frequencies higher than 2 kHz. the velocity fluctuations (in time), because the area under the correlation gives the value of the Integral Scale. Some authors (Fernández Oro, et al., 2008; Fernández Oro, et al., 2007) used the first zero as the main criterion to calculate the area under the ACF, while depending of the characteristics of the database, Tropea et al. (2007) suggests alternative methods. In our measurements, the first minimum criterion is chosen to estimate the extension for the Integral Length Scale.
It is evident for the high degree of disparity and the inherent uncertainty to define an exact value of the Integral Length Scale, that only an approximate order of magnitude and an overall trend can be given regarding this parameter. Consequently, in this section only the wake results are presented.
In Fig. 15 it can be distinguished three areas: instability, transition and free-stream zone, according to the previous results. The instability area existent in the wake is represented by a light grey shaded area, where the smallest Integral Length Scales are localized with values very close to zero. The darker grey area represents the transition zone. In this region the ILS increases in comparison to the instability zone and it is characterized by presenting greater variations in eddies size. In contrast, these variations do not appear in the free-stream zone, where the size is more uniform. In general, both localizations present an increase of the Integral Length Scale with the angle of attack and therefore also increasing eddies size.
The maximum value of the ILS is around 0.5 m, concluding that the eddy sizes vary inside the instability zone until a minimal size, when the eddies become dissipated in the free-stream flow.
CONCLUSIONS
A detailed experimental characterization of the turbulence structure around an asymmetric high-lift airfoil for different incidence angles has been carried out. The velocity field measurements, using hot-wire technique, allow the study of different turbulence parameters such as turbulence intensity, degree of anisotropy or integral length scale among others. Additionally, the velocity spectra are analyzed to identify the existence of periodic phenomena in the flow. Relevant flow information is obtained when the frequency and anisotropy analyses are combined.
On the whole, the findings have shown good agreement with the results of previous works, besides adding information to the understanding of the turbulence structure around a FX 63-137 airfoil.
The results revealed the behavior of the boundary layer and the wake depending on the incidence angle.
The airfoil geometry and the angle of attack are the main causes of the asymmetric wake. The increase of the asymmetric shape of the wake with the incidence angle was analyzed through the velocity measurements and the Reynolds stress tensor. The Reynolds stress components were used to estimate the wake width accurately and visibly, disclosing a width increment with the incidence angle. As a result, the 12.5° angle presents the greatest instability zone and the highest level of turbulence on the suction side of the wake. However, the -2.5° angle shows a high level of turbulence on the pressure side due to the asymmetry of the airfoil and the direction of the incident flow. The detailed study of the coupling between velocity spectra and anisotropic behavior discloses three different regions: an instability zone, a transition zone where the flow is still affected by the wake instabilities and a more uniform area called free-stream zone. The transition instabilities present two characteristic features: they are much lower than the instabilities at the wake and tend to isotropy.
Additionally, the velocity spectra support the wake analysis, besides not presenting any relevant peak related with vortex shedding. This fact removes vortex shedding as one of the possible aerodynamic noise generation mechanisms for the FX 63-137 airfoil. However, this hypothesis must be checked by means of further aeroacoustic analysis.
On the airfoil localization, the boundary layer is well estimated through the Reynolds stress components for all the angles. With an increase in the angle of attack, the boundary layer width decreases on the pressure side, while it increases on the suction side. On the pressure side, the flow is attached to the airfoil surface; however, the high curvature region of the airfoil causes a widening in the boundary layer. For this reason, the boundary layer is easier identified on this side. On the contrary, on the suction side, a smoother curvature is present in the airfoil geometry so the flow is highly adhered to the surface, originating a thin boundary layer which increases with the incidence angle. For the negative angle, the pressure side and the suction side interchange. Consequently, the boundary layer is so thin on the suction side that it is not possible to measure inside it for this angle. For all the angles, turbulence energy is produced on the suction side and reduced on the pressure side. On both cases, the curvature of the airfoil helps to stabilize the flow. The shear term is the main source of resistance to the flow and a basic parameter to estimate and understand the friction drag, which is a contributor of the total drag. As for the wake, the combination of the PSD and the degree of anisotropy analyses show a similar transition zone between the free-stream and the boundary layer with analogous features. However, this localization differs with the wake in the fact that the most isotropic point agrees with the beginning of the unsteady zone, in this case the beginning of the boundary layer.
At both localizations, the analysis of all the turbulence parameters provides us a useful tool to characterize the flow around the airfoil. In general, the normal velocity component of the flow is more important than the longitudinal ones. Complementarily, in the free-stream zone the flow is anisotropic, modifying its tendency towards isotropy in the transition zone and then returning to the anisotropy condition inside the unsteady region, where the average turbulent eddies are smaller.
To summarize, only a combination of different turbulence-related parameters allows a complete understanding of the turbulence structure. The results obtained in this work contribute to explain the turbulence characteristics and supplement the information about the flow conditions around an asymmetric high-lift airfoil, offering the opportunity to identify noise generation mechanisms for its analysis in further stages. Moreover, the turbulence data management carried out in this paper represents another set of means for future friction drag reduction studies that will improve wind turbine performances.
